ABSTRACT Hypervalent iodine oxidants have been widely applied in organic reactions due to their low toxicity, ready availability, and ease of handling. We produced an oxidant, [phenyliodine(III)bis(trifluoroethoxide)] (PIFE) by anodic oxidation of iodobenzene, which possesses comparable or superior properties to those of commercially available congeners, such as [phenyliodine(III)bis(trifluoroacetate)] (PIFA) and [phenyliodine(III)diacetate] (PIDA). The availability of PIFE was demonstrated by construction of several nitrogen-containing molecular skeletons; construction of quinolinone derivatives by PIFE occurred smoothly in moderate yield. In addition, the carbazole derivatives were synthesized in higher yields than with use of PIFA. Application of this methodology enabled synthesis of the bioactive tetrahydropyrroloiminoquinone-, carbazole-, and pyrroloindole-class natural products, including makaluvamines, damirones, glycozoline, debromofrustraminol B, and CPC-1.
Introduction
In recent years, hypervalent iodine derivatives have received considerable attention 1 due to their advantages of low toxicity and attractive reactivity profile similar to those of heavy metalbased oxidants. During our synthetic investigation of biologically important organic molecules, [phenyliodine(III)bis(trifluoroethoxide)] (PIFE), was synthesized by anodic oxidation of iodobenzene in 2,2,2-trifluoroethanol (TFE) under constant current electrolysis (CCE) conditions (Fig. 1) . 2 PIFE-mediated oxidation can be performed without using stoichiometric amounts of oxidants, such as peroxides, to produce hypervalent iodine species, and substrates are directly added to a solution of the electrochemically generated oxidant without the need for handling reactive oxidants. The oxidant solution can be kept in refrigerator for one week.
Among the wide range of reactivity profiles of [phenyliodine(III)bis(trifluoroacetate)] (PIFA), reaction with the methoxyamide residue (4), followed by electron donation from the adjacent aromatic ring, gave the corresponding spiro product (5) . 3, 4 Further evaluation of the oxidation conditions indicated that modulation of the aromatic substitution enabled direct formation of functionalized quinolinone derivatives (1 to 2 and 3).
5 PIFE showed reactivities comparable or superior to those of PIFA (Scheme 1). 2 Here, we describe the application of oxidative cyclization by electrochemically generated PIFE to natural products synthesis.
Daichi Kajiyama is a Master Course student of the Graduate School at Keio University. His research activity is synthesis of natural products using the electrochemically generated hypervalent iodine oxidant, supervised by Professor Nishiyama. He has published two papers until now. have attracted attention of synthetic and biological groups, because of their fused indole and pyrrole structures with multiple functionalities, as well as diverse biological activities (Fig. 2) . In contrast to our previous approach involving modification of the indole derivative, 16 we devised a new approach for construction of the pyrroloiminoquinone structure. The pyrrole ring was installed on an appropriately substituted quinoline B, which was obtained by oxidation of the corresponding methoxyamide derivative A (Scheme 2).
The crucial point in the present approach was selection of the appropriate functional groups (R 1 , R 2 ) in the starting substrate A. In the optimal protocol, the arylpropanamide 11 was produced from 3-hydroxy-2-nitrotoluene 6 in 7 steps (Scheme 3).
Yields of the oxidative cyclization process were dependent on the functionality of the side chains possessing one carbon unit, which will be required for eventual installation of the pyrrole ring (Table 1) . Upon exposure to PIFE or PIFA, 11a possessing the methoxycarbonyl group, underwent effective cyclization to give the quinolinone 12a (entries 1, 2). Despite a similar structure, treatment of nitrile 11b with the same oxidants provided the quinolinone 12b in only 21% and 10% yields, respectively (entries 3, 4).
Installation of the key pyrrole unit was initiated by transformation of 12a into the corresponding dihydroquinoline 13 via 
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Electrochemistry, 81(5), 319324 (2013) borane reduction. Boc protection of 13 produced 14, which on selective reduction with DIBAL-H, yielded aldehyde 15. Reaction of 15 with Zn/AcOH, followed by treatment with TsCl-NaH and catalytic hydrogenolysis, gave 16. Finally, 16 was oxidized by the Fremy's salt to give the A-diketone 17, which was ideally suited for introduction of C-7 functionality (Scheme 4). Using A-diketone 17 as the common intermediate, several natural products, such as damirones, makaluvamines, and glycosides, were synthesized (Fig. 3) . 17 
Synthesis of carbazole alkaloids
To ascertain the further scope and limitations of the oxidant, carbazole alkaloids, which are widely distributed in nature and show diverse biological activities, were synthesized by the oxidative cyclization approach (Fig. 4) . 1820 We envisioned that the construction of carbazoles will be accomplished by the oxidative cyclization reaction of the corresponding diaryl precursors using hypervalent iodine oxidants (Scheme 5), while many synthetic approaches have been reported, e.g., by Diels-Alder reaction 21 and Pd-mediated cyclization. 22 To understand the positional allowance of functional groups on the aromatic rings, the substituted diaryl derivatives were subjected to oxidative cyclization reactions with PIFE. As expected, oxidative cyclization provided the corresponding carbazoles (types 19 and 20) in 4291% yields, indicating the superiority of PIFE by comparison with the cases using PIFA (Scheme 6). Confirmation of the applicability of carbazole derivative synthesis by PIFE prompted us to perform synthesis of glycozoline 23 possessing antibacterial and antifungal activities. The synthesis was commenced by bromination of p-toluidine 21, followed by Nacetylation to give the acetanilide 22 in high overall yield (Scheme 7). Suzuki-Miyaura coupling with the corresponding borate derivative under standard conditions provided the diaryl 23 in 78% yield. Key oxidation using PIFE proceeded smoothly to give the carbazole 24 in 87% yield. To confirm the effectiveness, comparison with PIFA was performed: exposure of 23 to PIFA at 0°C gave 24 in 58% yield. Finally, abstraction of the N-protecting group of 24 under alkaline conditions gave glycozoline in quantitative yield. Consequently, the synthesis of glycozoline was accomplished in 50% overall yield from p-toluidine 21. Electrochemistry, 81(5), 319324 (2013)
Synthesis of pyrroloindole alkaloids
In the next stage, we focused on pyrroloindole alkaloids, which are also widely distributed in nature (Fig. 5) . 25 In our working hypothesis, when the amine at N-1 carrying relatively low oxidation potential was oxidatively converted into the corresponding iminium ion, successive attack of the terminal amide carrying relatively higher oxidation potential to C-2 position effected the desired cyclization leading to the pyrroloindole framework (Scheme 8).
To assess the effects of substitution at N-1, the corresponding tryptamine derivatives (type 25) were subjected to oxidation reactions in the presence of PIFE, PIDA, or [phenyliodine(III)diacetate] (PIDA) ( Table 2) . By PIFE, 27 was produced (entry 1), whereas PIDA provided 26 (entry 3). Although both oxidants provided cyclization to 26 and 27, the feasibility of 26 as an intermediate in natural product synthesis prompted us to optimize the oxidative cyclization reaction using PIDA.
Among the extensive elaboration of the reaction conditions examined, addition of NaOAc improved the yield of the cyclic product 26 to 58%. Short-step manipulation of 26 provided debromoflustraminol B 26 and CPC-1 (Scheme 9). 27 Thus, treatment of 26 with prenyl bromide followed by exhaustive deacylation afforded 28, which on reductive methylation yielded debromofrustraminol B, a marine alkaloid from Flustra foliacea (L.). In addition, methylation of 26 followed by removal of the acetyl group provided 29, which upon reductive methylation, formed CPC-1 isolated from Chimonanthus praecox f. 28 
Conclusion
Oxidative cyclization reaction using the electrochemically generated hypervalent iodine oxidant PIFE provided quinolinones, carbazoles, pyrroloindoles in moderate to good yields. Application of this methodology as a key reaction in natural products synthesis was successfully demonstrated. 
